Background: Endophytic fungi isolated from medicinal plants have been recognized as promising sources of highly variable bioactive metabolites. Maytenus ilicifolia, a highly exploited medicinal plant commonly used in popular medicine, is included in the current list of endangered species. Our research group is particularly interested in bioprospecting endophytes from medicinal plants found in Brazil, to control citrus diseases. In this context, Phyllosticta citricarpa is an agronomically important fungus associated with Citrus Black Spot (CBS), a disease associated with large economic losses, mainly due the phytosanitary restrictions for CBS disease in Europe.
INTRODUCTION
The Brazilian forests represent a large variety of medicinal plants, some of which are well characterized by their biological properties, and the exploration of this highly diverse fauna have led to the discovery of a large number of new biological compounds [1] . Maytenus ilicifolia is a *Address correspondence to this author at the Department of Genetics, Federal University of Paraná, P.O. Box: 19071, Curitiba, Brazil; Tel/Fax: +5504133611562; E-mail: ch.glienke@gmail.com medicinal plant native to South America and it is largely used in the popular medicine to treat stomach ulcers and other gastric problems. Due to the exploitation of this plant for use in folk medicine, M. ilicifolia is now included in the current list of endangered species [2] [3] [4] [5] .Thus, due to the limitations of plant diversity, productivity and sustainability, microorganisms, especially endophytes, are considered as a readily renewable and inexhaustible source of novel bioactive secondary metabolites [6] . Endophytes are microorganisms that live within the intercellular spaces of plant tissues without causing disease or damage [7] [8] [9] [10] . Relationships between endophytes and their hosts traditionally have been considered symbiotic or mutualistic, mainly by competing with plant pathogens, reducing herbivore and insect attacks, increasing plant tolerance to biotic and abiotic stress, and protecting and promoting plant growth, and in return, they gain protection and nutrients from the host [11] [12] [13] [14] [15] . In addition, endophytic fungi isolated from medicinal plants, have been recognized as promising source of new bioactive metabolites, some of them have antitumor, antifungal, antibacterial, and antioxidant properties [16] [17] [18] .
Our research group has a particular interest in exploring the endophyte biodiversity of medicinal plants found in Brazil, to be used as biological controllers for citrus diseases. The citrus industry has considerable impact on Brazilian economy, owing to its high export potential. The Citrus Black Spot (CBS) disease is associated with large economic losses worldwide, especially for in natura citrus fruit export [19] [20] [21] due the phytosanitary restrictions in Europe.
In this study, we isolated and identified two endophytic fungi from M. ilicifolia, as well as investigated the ability of these isolates to produce secondary metabolites to be used against the plant pathogen Phyllosticta citricarpa, the causal agent of Citrus Black Spot (CBS). The endophytes were able to produce metabolites that inhibited the mycelial growth and pycnidia formation of P. citricarpa. New strategies to control this phytopathogen are extremely important, since there is no effective treatment for CBS disease. Moreover, we successfully developed and applied a transformation system for the endophytic isolate Xylaria cubensis LGMB1252 through Agrobacterium tumefaciens, which enabling future studies on colonization and plant-pathogen-endophyte interaction.
MATERIALS AND METHODS

Isolation and Identification of Fungal Endophytes
M. ilicifolia leaves were collected from the Centro Nacional de Pesquisa de Floresta (CNPF) of EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária), Paraná, Brazil (lat 25.369227, long49.189301). Isolation was performed using leaves without marks, scratches, or wounds. Leaf surface was sterilized by immersion in 70% (v/v) ethanol for 1 min, followed by 3% sodium hypochlorite (v/v available chlorine) for 4 min, and washed in 70 % ethanol for 30 s. Leaves were cut into five 5-7-mm fragments, and transferred in series to plates containing potato dextrose agar (PDA) medium with tetracycline (100 μg/mL). Plates were incubated at 28°C for 2 weeks, and the colonies were transferred to a new plate.
The morphological characterization was performed in oatmeal agar (OA) (20 g/L oat, 20 g/L glucose, 15 g/L agar) and PDA medium. The cultures were grown at 22°C, with a 12-h photoperiod, for 15 days.
Genomic DNA extraction was performed using the UltraClean™ Microbial DNA Kit (MO Bio, Carlsbad, CA, USA) according to the manufacturer's protocol. The primers ITS1 and ITS4 were used to amplify the internal transcribed spacer (ITS) region of nuclear ribosomal DNA [22] . Primers T1 and T22, and primers actF-512 and actR-789, were used to amplify the partial sequence of β-tubulin [23] and α-actin genes [24] .
Sequencing was performed using a DYEnamic ET Dye Terminator Cycle Sequencing Kit for MegaBACE (Amersham Biosciences). The sequences obtained were blasted and aligned with the combined sequences of ITS, β-tubulin, and α-actin to form a dataset containing 47 isolates belong to Xylaria polymorpha clade [25] . Maximum Likelihood (ML) phylogenies were executed with the GARLI 2.1 web service [26] using the general time reversible (GTR) substitution model, selected based on the Akaike information criterion. Parameter settings for (ML), with Annulohypoxylon cohaerens (GQ495950), Biscogniauxia arima (AY951672) and B. mediterranea (AY951684) being used as outgroup taxa, followed Hsieh et al. [25] . Nodal support values were determined by 1000 bootstrap replicates. GenBank accession numbers for the strains are respectively: ITS: KC831765 and KC831764; TUB: KU341000 and KU341001; ACT: KU340998 and KU340999.
Fermentation and Antifungal Activity Against Phyllosticta citricarpa
For antifungal analysis, the isolates LGMF1252 and LGMF1253 were cultivated on PDA-agar plates at 28°C for 7 days. Colony discs (Ø 10 mm) were used to inoculate five Erlenmeyer flasks (500 mL) containing 200 mL of MEA medium. Fermentation was performed in a shaker at 28°C, 180 rpm, for 21 days. The resulting culture broth was filtered, the supernatant was extracted with EtOAC (3 X 500 mL), and the solvent was evaporated in vacuo at 40°C [27] .
A disc-diffusion assay was used to determine antifungal activity of crude extracts. Colony discs (Ø 12 mm) of P. citricarpa LGMF06 cultures were inoculated in the centre of the Petri dishes with PDA. Two sterile filter paper disks (Ø 5 mm) were placed 1.0 cm from the inoculum and 10 μL of crude extract was added (10 mg/mL). The plates were incubated at 28°C, for 21 days. The treatment was performed with 5 replicates, the diameters of P. citricarpa colonies were measured and compared with the negative control (solvent methanol), as positive control was used the fungicide derosal 1.0 mg/mL (Bayer Leverkusen). Analyses of variance (ANOVAs) of the results were conducted. If the F test was significant, an a posteriori comparison was performed using the Tukey's test (ASSISTAT software) [28] .
Genetic Transformation and Putative Transformants Analysis
A. tumefaciens-mediated transformation of isolate
LGMB1252 was carried out as previously described by Figueiredo et al. [29] with modifications, using the binary vectors pPZPbargfp. A. tumefaciens strain EHA-105 harboring the appropriate binary vectors pPZPbargfp was grown at 28°C for 24 h at 180 rpm in liquid LB medium supplemented with 50 μg kanamycin mL 
days; conidia and mycelia were harvested from the growing colonies and placed in tubes containing 2 mL of saline solution. Co-cultivation between A. tumefaciens and conidia and mycelia of LGMF1252 and LGMF1253 were performed by adding 100 μL of bacterial culture to 100 μL of fungal conidia suspension (1Å~106 conidia mL −1 ). This mix was plated onto membranes of cellulose (90-mm diameter) on a cocultivation medium (IM). Transgene stability of the allmutant isolates was propagated in the absence of glufosinate ammonium at 28°C for 7 days. This procedure was performed in triplicate. Fungal colonies were then transferred to selective media, and their growth rate was evaluated.
Putative transformants and controls were cultured for 1 to 4 days and analyzed using fluorescence microscopy. The green fluorescence emission associated with GFP was detected using a Leica UV microscope (DMKLB or MZFL111) with the following filter settings: 488 nm excitation and 515 nm emission. The genomic DNA was extracted using the UltraClean™ Microbial DNA Kit (MO Bio, USA) following the manufacturer's instructions, and a PCR reaction was performed using the primers barR and barF [29] , to detect the transgenes.
RESULTS AND DISCUSSION
Isolation and Identification of Endophytes from Maytenus ilicifolia
CBS disease, an important citrus disease caused by P. citricarpa, is responsible for extensive economic losses. The search for effective CBS control measures has been a constant challenge and the use of biological control agents has been suggested as an alternative to disease control [20, 21] . During a screening program on the biodiversity of M. ilicifolia, the endophytic strains LGMF1252 and LGMF1253 were isolated and selected for bioprospecting study. ITS sequence analyses, using the BLAST program, revealed that these isolates belong to Xylaria sp., sharing a 99% similarity with Xylaria berteri and X. crozonensis [30] . For multi-locus sequence analysis, ITS, β-tubulin, and α-actin sequences were utilized, and LGMF1252 and LGMF1253 isolates were located in the Xylaria polymorpha (PO) clade proposed by Hsieh et al. [17] . The PO clade is formed by strains grouped in the X. corniformis, X. cubensis, X. heliscus, and X. polymorpha aggregates. Strains LGMF1252 and LGMF1253 were strongly related with X. berteri and X. crozonensis, characterized by Hsieh et al. [25] , and belong to the X. cubensis aggregate (Fig. 1) .
Xylariaceae (Xylariales, Ascomycotina) constitutes a large family of filamentous fungi with high biodiversity and abundance. Xylaria, which belongs to the family Xylariaceae, is considered a complex genus, and is constantly under revision [31] [32] [33] . X. berteri was previously isolated as an endophyte from Vitis labrusca, and suggested as a biological control for Fusarium oxysporum [34] . In addition, this genus has been frequently reported in the studies on endophytes inhabiting seed plants, and has been commonly isolated as an endophyte from many tropical plants [35] [36] [37] , including palms, orchids, bromeliads, monocots, dicots, and general rainforest trees [38] .
Evaluation of Antifungal Activity Against Phyllosticta citricarpa
Crude extracts from isolates LGMF1252 and LGMB1253 showed significantly activity against P. citricarpa mycelial growth ( Fig. 2D and E) (P value < 0.005), due to the production of secondary metabolites (Fig. 2C) . The negative control did not show inhibitory activity ( Table 1 , Fig. 2A and 2B) . In addition, crude extracts of the isolates decreased the ( Fig. 2A  and B) number of pycnidia produced by P. citricarpa. Strain LGMF1253 showed a significant difference in controlling mycelial growth of P. citricarpa in relation to isolate LGMF1252 (P value < 0.005) ( Table 1) . Furthermore, the extracts were able to inhibit up to 15% of P. citricarpa pycnidia formation on the surface of citrus leaves ( Table 1) . These results have great importance in disrupting the CBS disease cycle. The asexual stage of fungal growth is responsible for aggravating the disease within plants and surrounding areas [39] . CBS is classified as an A1 quarantine disease in the European Union [21] , and it also occurs in Florida, USA [20] . Pycnidia growth within lesions of citrus fruits is the main characteristic for identifying CBS; this leads to rejection of fruit imports. Strategies to minimize the appearance of P. citricarpa pycnidia are of fundamental importance and represent a breakthrough in disease control research [39] . Xylaria species have been thoroughly studied for drug discovery. The study of these new metabolites may be biologically interesting and significant [40] . Li et al [16] showed the isolation and structure of four new terpenoids from Xylaria sp. In addition, compounds, such as, sordarin, with high antifungal activity through the inhibition of elon- Fig. (2) . Average mycelial growth of the fungus Phyllosticta citricarpa LGMF06 by metabolic extracts of endophytes LGMF1252 and LGMF1253 after 7 days incubation at 28°C. gation factors in protein synthesis, have been isolated from the genus Xylaria [42, 43] .
Agrobacterium tumefaciens-Mediated Transformation of Isolate LGMF1252
An important strategy for studies on plant-pathogenendophyte interaction is the use of mutant strains expressing fluorescent proteins, which can be used for monitoring the capacity of endophytes to colonize the host, as well as, the capacity to inhibit phytopathogen development. The fluorescence can be used to detect cytoplasm alterations, fungal development, and to follow the internal trajectory of hyphae. We obtained mutants from the strain LGMF1252 (125) using the A. tumefaciens protocol. Approximately 50% of mutants obtained showed genetic stability, which was evaluated by propagating the fungi without selective pressure for 3 months, and then growing it in the presence of ammonium glufosinate (100 μg mL −1 ). In addition, the stability was confirmed by fluorescence, wherein the transgenic hyphae of mutant LGMF1252 emitted fluorescence (Fig. 3A) after 14 days of growth in PDA medium without ammonium glufosinate. This shows that the gfp gene was expressed in the mutants, confirming the transformation efficiency. Nine mutants of LGMF1252 were also selected to confirm transformation by PCR. The 550-bp amplicon, representing the bar gene sequence, was found (Fig. 3B) , and amplification was not observed in the negative control. To the best of our knowledge, this is the first report on the transformation system of fungi belonging to the genus Xylaria, which can be used in future studies to analyze the colonization processes of citrus plants using the strain LGMF1252, as well as, studies on the interaction with the phytopathogen P. citricarpa, in order to confirm the ability of LGMF1252 to be used as a biological control.
CONCLUSION
In this study, we describe the isolation and identification of two endophytic fungi from the medicinal plant M. ilicifolia, as well as, the ability of these isolates to produce secondary metabolites against the mycelium growth and pycnidia formation of the plant pathogen P. citricarpa. Considering that there is no effective treatment for CBS disease and the limitations of fungicide use, research on alternative methods for CBS control has great importance. Moreover, we successfully developed and applied a transformation system for the endophytic isolate X. cubensis LGMB1252 via A. tumefaciens; the expression of fluorescent protein of this strain will enable future studies on colonization and plantpathogen-endophyte interaction using the mutant strain.
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